Abstract
Introduction
Antigen-specific CD8 + T cells undergo large-scale expansion in many models of murine infection including lymphocytic choriomeningitis virus (LCMV) (Butz and Bevan, 1998; MuraliKrishna et al., 1998) , vaccinia virus (VV) Mathew et al., 2005) , vesicular stomatitus virus (VSV) (Masopust et al., 2001) , sendai virus (Cole et al., 1994 (Cole et al., , 1995 , and influenza virus (Flynn et al., 1998) . In humans, CD8 + T cells undergo expansion in acute human immunodeficiency (HIV) (Altman et al., 1996; Gea-Banacloche et al., 2000) and Hepatitis C virus (HCV) (Lechner et al., 2000) infections and are thought to control progression to late-stage disease (Riviere et al., 1995) . Thus, CD8
+ T cells play a key role in controlling disease in both murine and human infections. CD8 + T cells proceed through three levels of differentiation. Naive CD8 + T cells exist in the periphery, circulating through secondary lymphoid organs undergoing little or no proliferation (Di Rosa et al., 1999) . Upon encountering peptide-MHC Class I complexes on a licensed antigen-presenting cell, naive cells become activated. Over the next 24 h, increases in protein synthesis (Grumont et al., 2004) and transcription of new subsets of genes (Verdeil et al., 2002) allow the naive cell to begin to differentiate into an effector cell. As part of this process, these cells now express effector molecules such as IFNγ, TNFα, and perforin (Grayson et al., 2001; Holmes et al., 2005; Kaech et al., 2002) . In addition to the expression of effector molecules, these cells undergo multiple rounds of proliferation to rapidly increase their numbers. In some infections, the extent of proliferation is so great that up to 50% of CD8 + T cells can be virus-specific at the peak of the response (Murali-Krishna et al., 1998) . After pathogen clearance, the vast majority of antigenspecific effector CD8 + T cells undergo apoptosis through a process termed contraction (Badovinac et al., 2002) . The remaining antigen-specific CD8 + T cells differentiate into memory cells.
In multiple infectious models, the number of memory CD8 + T cells is maintained for extended periods of time. These cells undergo a slow homeostatic proliferation that is primarily mediated by the cytokines IL-7 (Schluns et al., 2000) and IL-15 (Becker et al., 2002; Schluns et al., 2002; Tan et al., 2002) . Since the number of cells remains constant, there must be a low Virology 348 (2006) 47 -56 www.elsevier.com/locate/yviro level of apoptosis to offset proliferation. But in many studies, mice are exposed to one infectious agent and then maintained without further intervention. While useful for understanding the mechanisms by which memory is generated, it does not reflect the fact that humans are exposed to multiple perturbants that could alter the number of memory cells. One of the most commonly encountered stimuli would be infection with another virus. Seminal studies by Selin and colleagues (Selin et al., 1994 (Selin et al., , 1999 Welsh et al., 2000) have documented that upon infection of mice that are immune to a previous pathogen with a heterologous agent, the number of memory cells to the original pathogen decreases. They termed this process attrition and it has been documented to occur for memory cells from both bacterial and viral infections (Smith et al., 2002) . These studies suggest that rather than being fixed, the number of memory CD8 + T cells can be modulated by the host depending on environmental exposure.
Recently, it was demonstrated that memory CD8 + T cells were more resistant to radiation-induced apoptosis than naive cells (Grayson et al., 2002; Peacock et al., 2003) . To determine the number and function of memory CD8 + T cells following γ-irradiation, a commonly used cancer treatment, we generated LCMV-Armstrong immune mice and irradiated them. We confirmed previous observations that memory CD8 + T cells were radioresistant and further determined that irradiated cells underwent a partial reconstitution. Following this reconstitution, the number of cells was stable for up to 120 days. When the function of cells was examined in vitro, memory cells were able to produce IFNγ and TNFα at all timepoints during reconstitution. However, when the ability to expand during viral infection was determined by adoptive transfer assay, memory cells from 18 h following irradiation were unable to proliferate, but as reconstitution progressed, the ability of cells to respond to infection returned.
Results

Antigen-specific CD8
+ memory T cells undergo partial reconstitution following whole body irradiation
To determine the ability of antigen-specific memory CD8 + T cells to reconstitute after irradiation, we first transferred naive P14 transgenic T cells into naive C57BL/6 recipients and infected them with LCMV-Armstrong. This induces an acute viral infection that is cleared in 7-9 days and generates a stable pool of approximately 3 × 10 6 P14 memory T cells (Figs. 1A and B) that constitute ∼16% of total CD8 + T cells. In all experiments, immune mice greater than 50 days post-infection were used. Eighteen hours after 600 rads of whole body irradiation, P14 memory CD8 + T cells have become enriched such that they now compose 30.2% of CD8 + T cells, but their numbers declined to 6 × 10 5 . From days 1 to 7 post-irradiation, the absolute numbers of P14 cells remained at ∼4 × 10 5 but their percentage of the CD8 population increased to 48.6%. By day 14, however, both the number and percentage of P14 cells had increased to 10 6 and 63.1%. From day 14 to 120 post-irradiation, the number of GP33-41-specific CD8 + T cells remained constant at ∼10 6 . The percentage of P14 memory CD8 + T cells in the total CD8 + T cell Fig. 1 . Virus-specific memory CD8 + T cells undergo a partial reconstitution following whole body γ-irradiation. 10 4 naive CD8 + CD90.1 + P14 transgenic T cells were transferred i.v. into naive C57BL/6 hosts. These mice were then infected with 2 × 10 5 p.f.u. of LCMV-Armstrong i.p. After a period greater than 50 days, these mice received 600 rads of whole body γ-irradiation. At the given timepoint, mice were sacrificed, splenocytes isolated, and (A) stained with anti-CD8α and anti-CD44 antibodies and D b GP33-41 MHC Class I tetramer. The dot plots are gated on total CD8 + T cells and the number represents the percentage of CD8 + T cells present in that region. The number of CD8 + D b GP33-41 + was determined (B) and the average and standard deviation are plotted. Three to 12 mice were used at each timepoint. * Significant difference between unirradiated and irradiated mice; P b 0.05. pool decreased from 63.1 to 15.2% by day 120. Thus, after whole body irradiation, virus-specific CD8 + memory T cells are initially enriched in the T cell pool but finally reconstitute to 33% of the level found prior to irradiation.
Irradiated CD8
+ memory T cells retain the ability to produce cytokines after in vitro peptide stimulation
To determine whether memory cells following irradiation retained the ability to produce cytokines after antigen stimulation, we performed intracellular cytokine staining for interferon gamma (IFNγ) and tumor necrosis factor alpha (TNFα). Prior studies have demonstrated that antigen-specific memory CD8 + T cells produce high levels of both of these cytokines (Slifka and Whitton, 2000) . Prior to irradiation, 11.9% of CD8 + T cells produced both IFNγ and TNFα, while 0.84% produced IFNγ only ( Fig. 2A) . After irradiation, there was an increase in the portion of cells that produced INFγ only (10.5% of 29.8% total IFNγ producing cells) but after 7 days, similar proportions of memory CD8 + T cells produced both cytokines as unirradiated cells and this was maintained throughout reconstitution. When total cell numbers were examined, there were 3 × 10 6 CD8 + T cells that produced IFNγ and 2.8 × 10
6 that produced IFNγ and TNFα after GP33-41 stimulation prior to irradiation (Fig. 2B) . After irradiation, the number of cytokine producing cells decreased in a similar fashion as the number of tetramer positive cells reaching a nadir of ∼5 × 10 5 cells by 7 days post-irradiation. From days 14 to 120, the number of cytokine producing remained constant at ∼10 6 . Thus, early after irradiation, memory cells produce Fig. 2 . Virus-specific memory CD8 + T cells maintain the ability to produce cytokines following whole body γ-irradiation. 10 4 naive CD8 + CD90.1 + P14 transgenic T cells were transferred i.v. into naive C57BL/6 hosts. These mice were then infected with 2 × 10 5 p.f.u. of LCMV-Armstrong i.p. After a period greater than 50 days, these mice received 600 rads of whole body γ-irradiation. At the given timepoint, mice were sacrificed, splenocytes isolated, and were either (A) unstimulated or stimulated with GP33-41 peptide. Cells were then stained with anti-CD8α, anti-IFNγ, and anti-TNFα antibodies. The dot plots are gated on total CD8 + T cells and the number represents the percentage of CD8
+ T cells present in that region. The number of CD8 + IFNγ + and CD8 + IFNγ + TNFα + T cells was determined (B) and the average and standard deviation are plotted. Three to 12 mice were used at each timepoint. * Significant difference between unirradiated and irradiated mice; P b 0.05. slightly less TNFα but as reconstitution progresses, these cells produce both TNFα and IFNγ.
Shortly after irradiation, antigen-specific CD8 + memory T cells fail to expand during infection, but as reconstitution progresses, the ability to expand increases
The MHC Class I tetramer and intracellular cytokine staining suggest that following irradiation, the number of virus-specific memory CD8 + T cells decreases and then reconstitutes to about 33% of the level observed prior to irradiation. Additionally, in vitro peptide stimulation suggests that the remaining antigenspecific CD8
+ cells at any timepoint should be functional and able to exert biological function, albeit at a reduced rate due to the decreased precursor frequency. To control for differences in precursor frequency affecting biological function, we transferred 10 5 CD8 + D b GP33-41 + CD90.1 + P14 memory T cells from the spleens of unirradiated or irradiated (18 h, 7, 14, 33 , and 120 days post-irradiation) LCMV immune mice into naive C57BL/6 recipients. To determine engraftment, spleens were excised from mice at 1 and 5 days post-transfer and stimulated with GP33-41 peptide to identify P14 cells. After stimulation, ∼10 4 CD8 + IFNγ + CD90.1 + T cells were identified in mice that received either unirradiated or irradiated memory cells suggesting that initial cell engraftment was not altered (Fig.  3A) . After transfer of these cells, mice were then challenged with a Vaccinia virus that expresses GP33-41 of LCMV as a minigene which has been shown previously to induce a robust expansion of secondary effector cells from P14 memory CD8 + T cells (Grayson et al., 2002) . This approach allows us to bypass differences in precursor frequency and other miscellaneous effects such as antigen presenting cell depletion after irradiation.
Eight days after cell transfer and VV-GP33-41 infection, mice were sacrificed and the spleen was excised. As a control, to ensure that transfer of cells from irradiated mice would not affect the recipients ability to mount an antiviral CD8 + T cell response, we examined the number of total or CD44 high (activated/ memory phenotype) CD8 + T cells. In uninfected naive C57BL/6 mice, there were 1 × 10 7 total and 2.5 × 10 6 CD44 high CD8 + T cells. We found that mice that did not receive P14 cells and were infected with VV-GP33, had 3 × 10 7 CD8 + T cells, and of these, 1.5 × 10 7 cells were CD44 high (Fig. 3B ). Similar numbers of total and activated phenotype CD8 + T cells were also observed after transfer of irradiated splenocytes at all timepoints except day 7 post-irradiation, where overall expansion of CD8 + and CD8 + CD44 high T cells was decreased. After verifying that global CD8 + T cell expansion was not majorly affected, it was critical to determine the expansion of GP33-41-specific CD8 + T Cells. Animals that had received no cells mounted a GP33-41-specific response that constituted ∼1% of total CD8 + T cells (Fig. 3C ). In mice that had received 10 4 P14 CD8 + memory T cells from donors that had been irradiated 18 h earlier, GP33-41-specific cells were detectable and were also present at a level of 1% of total CD8 + T cells. 6 cells that were detected following transfer of cells from mice at day 14 post-irradiation. Transfer of P14 memory cells from mice that had been irradiated 33 days earlier generated 8.6 × 10 6 GP33-41-specific cells. When P14 cells were transferred from mice that been irradiated 120 days earlier there were 1.2 × 10 7 CD8 + D b GP33-41-specific cells. In this case, no statistically significant difference was observed between transfer of unirradiated P14 memory cells and those that had undergone either 33 or 120 days of reconstitution. Thus, 18 h after irradiation, P14 memory cells are unable to expand upon antigen encounter, but as reconstitution progresses, the ability to expand increases, and by 33 days is similar to unirradiated cells.
Secondary effector CD8 + T cells generated from irradiated memory cells are functional
To determine if the secondary effector cells generated from irradiated memory CD8 + T cells were functional, we performed IFNγ intracellular cytokine staining. To differentiate between host primary and donor secondary effector responses, cells were co-stained with IFNγ and CD90.1. When the number of functional cells was determined by IFNγ staining after GP33-41 peptide stimulation, similar trends as the MHC Class I tetramer staining were observed. In mice that had received no cells or P14 memory cells from immune mice 18 h postirradiation, ∼8 × 10 5 CD8 + IFNγ + cells were detected after GP33-41 stimulation. In mice that received no transgenic cells, a background value of 800 IFNγ + CD90.1 + cells was calculated (Fig. 4) . Mice that received P14 memory CD8 + T cells from donor mice 18 h after irradiation did not differ significantly in the number of CD8 + IFNγ + CD90.1 + cells. However, when P14 memory cells were transferred from mice that had been irradiated 7 days earlier, there were ∼5 × 10 5 CD8 + IFNγ + cells in the spleen and of these 2.0 × 10 5 were CD90.1 + . Memory cells transferred from mice that were 14 days post-irradiation yielded 5 × 10 6 CD8 + IFNγ + cells and of these 3 × 10 6 were CD90.1 + . When P14 memory cells were transferred from mice that had been irradiated 33 or 120 days earlier, the number of functional cells was comparable to transfer of unirradiated memory cells and all of these cells were CD90.1 + . Thus, although irradiated memory cells are initially reduced in their ability to expand after antigen encounter in vivo, the secondary effector cells that do respond are functional.
Irradiated memory cells undergo growth but fail to expand after peptide activation in vitro
Failure of the irradiated CD8 + memory T cells to increase in number after antigen exposure could be due to defects in cell growth or induction of apoptosis. To determine the relative contributions of these factors, we purified CD8 + T cells from unirradiated or LCMV immune mice that had been irradiated 18 h earlier. Purified CD8 + T cells were then incubated with CD8-depleted splenocytes that had been coated with GP33-41 peptide. Twenty-four hours after exposure to peptide, both irradiated and unirradiated memory cells had undergone an increase in forward scatter indicative of T cell blasting (Fig. 5A) . Since cells had increased in size, it was imperative to determine if they retained the capacity to undergo proliferation. To measure division, purified CD8 + T cells were labeled with CFSE and proliferation was determined by loss of fluorescence. After 24 h incubating with splenocytes that had no peptide, no division was observed in either population of memory cells and they composed a similar portion of the total population (Fig. 5B) . In this and other parallel experiments, survival up to 2 days in vitro was similar between unirradiated and irradiated memory cells (data not shown). When cells were incubated with GP33-41 peptide, no division occurred at 24 h in either samples. But after 48 h, unirradiated cells had progressed through one to three divisions and had started to increase in the population to 7.6%. This contrasts with irradiated memory cells where extremely few cells could be observed that had divided and their representation in the population had dropped to 1.7%. After 3 days, unirradiated memory cells had continued to divide and now compromised 34.7% of the total population. Irradiated memory cells, however, continued to decrease in numbers and now only composed 0.8% of the total population. Thus, irradiated memory CD8 + T cells are able to respond to mitogenic cues to initiate cell growth but fail to proliferate during in vitro culture.
Discussion
In this study, we demonstrate that following whole body irradiation, antigen-specific CD8 + memory T cells undergo an initial reduction in overall numbers, but the percentage of the total CD8 pool they comprise increases. As reconstitution progresses, the number of memory CD8 + T cells returns to a level approximately one-third of that found before irradiation, and is maintained for at least 120 days. In short-term in vitro assays of function, such as cytokine production, irradiated memory cells appear to be similar to unirradiated cells. However, when biological function was examined by determining their ability to proliferate in vivo in response to viral infection, memory CD8 + T cells from mice that had been irradiated 18 h earlier were unable to expand. As the number of memory cells increased during reconstitution, the ability of cells to expand on a per cell basis also increased. Finally, we demonstrate that irradiated memory cells are able to respond to antigen stimulation to initiate cell growth, but fail to divide.
What are the implications of our findings? Control of virusspecific memory CD8 + survival is critical for maintaining protective immunity. Normally, these cells undergo a slow, IL-7 and IL-15 (Becker et al., 2002; Schluns et al., 2000 Schluns et al., , 2002 Tan et al., 2001 Tan et al., , 2002 )-driven homeostatic proliferation such that constant numbers are maintained and can provide life-long immunity. Since the number of memory CD8 + T cells remains constant over time, a basal level of apoptosis must occur to offset cell cycling. Indeed, studies from our laboratory (Grayson et al., 2003) and those of Wang and colleagues (Wang et al., 2004) have demonstrated that levels of Annexin V, a marker of early entry into apoptosis, are increased on memory compared to naive CD8 + T cells. Unlike laboratory infections, humans are exposed to situations where memory CD8 + T cells could undergo apoptosis such as treatment with chemotherapeutics and ionizing radiation during cancer. Previously, we (Grayson et al., 2002) and others (Peacock et al., 2003) have documented that following irradiation, antigen-specific memory CD8 + T cells survive preferentially compared to naive phenotype CD8 + T cells, presumably due to their increased levels of Bcl-2 (Grayson et al., 2000) . While these studies were critical in understanding how naive and memory CD8 + T cells were differentially sensitive to apoptotic inducing stimuli, they do not address the fate and function of these cells over long periods of time after exposure. We show that memory cells become enriched in the total CD8 + T cell pool over the first 14 days following irradiation, but as reconstitution progresses, their percentage in the CD8 + T pool declines. But when actual numbers of antigen-specific memory CD8 + T cells were determined, they returned to levels one-third of those found prior to irradiation and were maintained for up to 120 days. Our results contrast with those observed by Peacock et al. (2003) . In an elegant study, these authors demonstrated that when memory CD8 + T cells were transferred into hosts rendered lymphopenic by either irradiation, mutation, or viral infection, their ability to expand in these hosts was compromised, and rather than refill the host, they underwent a decrease in their percentage of the CD8 + T cell population. In this study, the authors also irradiated LCMV-immune mice and determined that memory cells became enriched initially but when examining percentages, they observed attrition of these cells as reconstitution progresses. We confirm their finding that as a percentage the memory cell representation decreases, but absolute numbers appear to refill to 33% of pre-irradiation levels and are maintained for several months.
Why do the antigen-specific CD8 + T cells fail to return to the levels observed prior to irradiation? By day 120, the number of CD8 + CD44 high (activated/memory phenotype) T cells has returned to the level observed prior to irradiation (data not shown). This population is composed of both reconstituting memory cells and naive CD8 + T cells that have become CD44 high after homeostatic proliferation. Since the proliferation of memory CD8 + T cells is thought to occur in an MHC Class I independent fashion (Murali-Krishna et al., 1999) , irradiation may be altering the levels of IL-7 and IL-15 so that the host is now capable of maintaining slightly fewer antigen-experienced memory CD8 + T cells. Alternatively, the antigen-experienced memory cells may have been out competed by the CD44 high cells derived from naive cells.
Our findings have important implications for antiviral immunity following exposure to genotoxic stress. First, they suggest that short-term in vitro assays such as intracellular cytokine and MHC Class I tetramer staining, do not provide a complete picture of the ability of memory CD8 + T cells to respond in vivo, and understanding protective immunity following genotoxic stress requires the use of assays that determine long-term proliferative potential. Indeed, our study demonstrates that not only can irradiated memory CD8 + T cells make IFNγ and TNFα, they also can initiate cell growth or blasting following TCR stimulation. While they can undergo blasting, they do not appear to divide in vitro. This along with their failure to expand in vivo after adoptive transfer, suggests that following irradiation antiviral immune responses would be impaired. Using an allograft rejection model, Sechler et al. (1999) found that after irradiation, previously immune mice that had rapidly rejected grafts now had a rejection time similar to naive mice. Given that we transferred equal numbers of cells in our adoptive transfer experiments, this suggests that following irradiation, CD8 T cellspecific defects in immunity could be expected.
How do antigen-specific CD8 + memory T cells regain the ability to expand over time? Immediately following irradiation, most memory CD8 + T cells should have sustained DNA damage. As these cells begin to undergo proliferation, they could undergo apoptosis through activation of p53. At this point, it may be critical what type of proliferation memory CD8 + T cells are undergoing. If it is rapid, antigen-driven proliferation, then entry into cycle is rapid and there maybe no time for cell cycle arrest, and apoptosis is initiated through PUMA-based mechanisms (Nakano and Vousden, 2001; Yu et al., 2001) or by direct localization of p53 to the mitochondria (Marchenko et al., 2000) . By undergoing apoptosis, this would prevent rapid expansion of a DNA-damaged population that would be prone to tumor development. Alternatively, if cells are undergoing homeostatic proliferation, which occurs more slowly, a fraction of the cells could undergo cell cycle arrest, repair the damage, and then continue the reconstitution process. Whether this process could be influenced by cytokines at this point is speculative, although prior studies have shown that IL-12 is capable of inducing DNA repair mechanisms that can counter UV-irradiation (Schwarz et al., 2002) . Further studies are required to determine if IL-7 and IL-15 can up-regulate DNA repair pathways.
In conclusion, we demonstrate that following irradiation memory, CD8 + T cells decrease in numbers and undergo a partial reconstitution. Rather than undergoing a progressive attrition, we observed stable cell numbers up to 4 months post-irradiation. When cytokine production was determined in vitro, irradiated memory CD8 + T cells were functional at all timepoints postinfection. But when the ability to expand in response to viral infection was determined, memory CD8 + T cells immediately following irradiation were compromised in their ability to expand. As reconstitution progresses, the ability to expand returned. This study demonstrates that irradiated memory CD8 + T cells have a limited ability to undergo homeostatic proliferation, but a variable response to antigen-driven proliferation. Manipulation of these two types of proliferation may allow rational design of methods to augment antiviral immunity following irradiation.
Materials and methods
Virus infection and mice
Six-to 8-week-old C57BL/6 mice were purchased from the National Cancer Institute (Frederick, MD). LCMV-Armstrong stocks were propagated on BHK-21 cells and quantitated on Vero cells as described previously (Ahmed et al., 1984) . Vaccinia virus expressing GP33-41 of LCMV was prepared by propagation on HeLa cells as described previously .
Irradiation
Mice were exposed to 600 rads of whole body irradiation in Mark 1 Irradiator (J.L. Shepard and Associates, San Fernando, CA).
Cell isolation
The spleen was removed from mice after cervical dislocation. After being teased apart on a wire mesh, red blood cells were removed by osmotic lysis in ACK Buffer. Splenocytes were then resuspended in RPMI supplemented with 10%FCS and L-glutamine, penicillin-streptomycin, and BME.
Surface and intracellular staining
All antibodies were purchased from BD Pharmingen (San Diego, CA). In this study, the following antibodies were used: rat anti-mouse CD8α-PE (phycoerythrin), rat anti-mouse CD90.1-FITC (fluorescein isothiocyanate), rat anti-mouse IFNγ-APC (Allophycocyanin), rat anti-mouse TNFα-PE. Surface staining was performed by incubation of antibodies at a 1:100 dilution in FACS Buffer (2% FCS, PBS) for 30 min at 4°C
. CD90.1 staining was performed at a 1:500 dilution. After three washes, cells were intracellularly stained using the BD Cytofix/Cytoperm kit according to the manufacturer's instructions. Samples were acquired on a FACSCalibur instrument and analyzed with FloJo software (TreeStar, San Francisco, CA).
CFSE labeling
CFSE (5-6-carboxyfluorescein diacetate, succinimidyl ester) was purchased from Molecular Probes (Eugene, OR) and dissolved in DMSO as a 5-mM stock. After resuspension, splenocytes were washed three times in PBS and suspended in PBS at 2 × 10 7 cells per ml. These cells were then mixed with 10 μM CFSE in PBS so that the final concentration was 5 μM. After 3 min, cells were vortexed and then continued incubating for 2 additional minutes. After this time, 1/10 volume of FCS was added for 1 min followed by vortexing. The sample was then washed three times with complete medium and used in reactions.
CD8
+ T cell purification CD8 + T cells from control or irradiated LCMV immune mice were purified by magnetic bead enrichment using the Miltenyi (Cologne, France) Microbead system. Purity was greater than 95% as determined by flow cytometry.
In vitro stimulation
After CFSE labeling, 4 × 10 5 CD8-depleted splenocytes and 10 5 -purified CD8 + T cells from irradiated or control immune mice were resuspended in a 1 ml volume that contained 0.1 μg/ ml GP33-41 peptide. Cells were harvested on days 1 through 3.
Adoptive transfer and effector cell generation Naive P14 Thy1 a PL/1 mice were sacrificed and the spleen was excised. After osmotic lysis, splenocytes were stained with antibodies specific for CD8α and CD90.1 and D b GP33-41 MHC Class I tetramer. Enough splenocytes were transferred to ensure that 10 5 naive P14 CD8 + T cells were injected, with an engraftment of 10 4 cells. Four hours after cell transfer, mice were infected with 2 × 10 5 p.f.u. of LCMV-Armstrong i.p.. For memory CD8 + T cell challenge, enough splenocytes were transferred to ensure that 10 5 memory (control or irradiated) P14 CD8 + T cells were injected, with an engraftment of 10 4 cells. Four hours after transfer, mice were injected i.p. with 5 × 10 6 p.f.u. of VV-GP33 and splenocytes were harvested on day 8 post-infection.
Preparation of MHC class I tetramers
The construction and purification of D b GP33-41 have been described previously (Murali-Krishna et al., 1998) .
Statistical analysis
Data from control and irradiated mice were analyzed by using two-tailed Student's t test, and a P value of ≤0.05 was considered significant.
